ABSTRACT: Injury to the meniscus of the knee has been implicated as a significant risk factor for the subsequent development of osteoarthritis, but the mechanisms of joint degeneration are unclear. Our objective was to develop a clinically applicable methodology to evaluate the relationship of joint contact mechanics at the time of surgery to biological changes of articular cartilage as a function of time following surgery. A series of pre-, intra-, and post-operative protocols were developed which utilized electronic sensors for the direct measurement of contact mechanics, and advanced imaging to assess cartilage health. The tests were applied to a pilot cohort of young active patients undergoing meniscus allograft transplantation. Our study demonstrated significant variability across patients in terms of contact area and peak contact stress, both before and after transplantation. Nonetheless, the majority of patients exhibited decreased peak contact stress and increased contact area after graft implantation. MR scans at 3-6 months showed decreased T1r values in tibial articular cartilage, suggesting an increase in proteoglycan content or concomitant decrease in water content. Prolongation of T2 values was found primarily within the central, cartilage-cartilage contact region of the tibial plateau suggested disruption of the collagen network. Minimal differences were found in cartilage thickness over the short time frame of this preliminary study. With longer clinical follow-up, our platform of clinical tests can be used to better understand the patient-specific mechanical factors that are related to increased risk of OA after meniscus injury and surgery. Keywords: knee joint contact mechanics; osteoarthritis; imaging; biomarkers; meniscus Meniscal injury can increase the likelihood of development of osteoarthritis (OA).
Meniscal injury can increase the likelihood of development of osteoarthritis (OA). 1 The meniscus facilitates joint articulation by distributing load, providing congruency between the distal femur and proximal tibia, and enhancing joint stability, as well as joint lubrication. 2, 3 Disruption of these mechanical functions following a meniscal tear has been implicated as a significant risk factor for degenerative changes in the affected tibiofemoral compartment. 4, 5 However, the exact relationship between the change in mechanics caused by meniscal injury, or the surgical procedure intended to treat the injury, and likelihood of developing OA has not been definitively established. Thus, although more than 50% of partial meniscectomy patients will develop OA within 10-20 years, we currently do not know which specific factors are predictive of outcome, making it difficult to identify risk in an individual patient. 6 For articular joints that are required to mechanically function for millions of cycles under a range of high load activities, it is generally believed that an imbalance between applied mechanical forces and the ability of the articular cartilage to withstand those forces plays an important role in the onset and progression of joint degeneration. [7] [8] [9] The change in load distribution across tibiofemoral articular surfaces after injury and following repair of the meniscus has been quantified using cadaveric and computational models [10] [11] [12] [13] but such models cannot mimic the biological tissue-level responses. Animal models have been developed which utilize meniscal destabilization 14 to study the development of OA and strategies for intervention. However, connecting results from animal models to the clinical situation of meniscal injury, and what is known about the mechanical consequences of meniscus pathology, has been challenging. In summary, no model has emerged in which the relationship between contact mechanics and changes in the biochemical and biological response of the articular cartilage can be analyzed real-time in a clinical environment.
Our objective was to develop a clinically applicable methodology to evaluate the relationship of joint contact mechanics at the time of surgery to subsequent biological changes of articular cartilage. To develop our methodology, and assess its feasibility of use in a clinical environment, we applied it to a pilot cohort of young active patients undergoing meniscus allograft transplantation (MAT). The usefulness of the protocol was assessed by (i) analyzing the feasibility of implementing the protocol in our clinical environment; (ii) comparing within knee joint contact mechanics data as directly measured at the time of surgery to changes in biomarkers of cartilage health (T1r and T2 maps); and (iii) by assessing our ability to capture a level of variability reflective of the corresponding variability in outcome after meniscal graft implantation.
METHODS
A platform of pre-operative, intra-operative, and postoperative tests was developed which utilized a combination of advanced imaging for indirect assessment of overall joint health and electronic pressure sensors for direct measurement of contact mechanics (Fig. 1) . The sequence of steps required to implement the platform included: (i) Preoperative MR imaging images, where the cartilage thickness in an unloaded and mechanically loaded condition were computed, and quantitative T1r and T2 maps were obtained to assess cartilage biochemistry. (ii) Intraoperative quantification of contact mechanics, where the contact stress and contact area were quantified for patients before and after placement of MAT. (iii) Post-operative MR imaging, where the cartilage thickness in an unloaded and mechanically loaded condition were computed, and T1r and T2 maps were obtained and subsequently analyzed. By comparing knee joint contact mechanics data to MR derived data, the relationship between joint mechanics and tissue changes can be explored.
Patient Selection
This study was approved by the Institutional Review Board of our hospital and informed written consent was obtained from each subject prior to participation. Five subjects (two male, three female; age: 21 AE 4 years [mean AE SD]) scheduled to undergo meniscal allograft transplantation were enrolled in this study (Table 1) . Exclusion criteria for the study were: age greater than 50 years, BMI > 30 kg/m 2 , diffuse cartilage damage of grade 3 or greater, clinically significant or symptomatic vascular or neurologic disorder of the lower extremities, and any contraindications to MR imaging. At the time of this study, all patients had undergone prior total meniscectomy, and showed no signs of advanced chondral degeneration (Kellgren-Lawrence grade I-II) on knee radiographs and preoperative MRI.
MRI Scanning and Analysis (Pre-and Post-Op)
Patients were seated in a wheelchair 30 min prior to imaging to unload the knee before the scan ( Fig. 2A) . All scans were performed on a clinical 3.0T scanner (GE Healthcare, Waukesha, WI) using an 8-channel phased array knee coil (Invivo, Gainesville, FL). Subjects were placed in a supine position in the MRI scanner. A custom designed loading system was used to manually apply an axial force of 50% body weight, the magnitude of which was recorded by an MR compatible load cell (Model: 45E15A4, JR3 Inc., Woodland, CA). 15 Three-dimensional spoiled gradient recalled echo 
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(3D SPGR) with frequency selective fat suppressive imaging was performed to assess cartilage. 3D T1r mapping was performed to assess proteoglycan content of articular cartilage, T2 relaxation time mapping was performed to assess collagen fibril organization and water content of the articular cartilage, and a 3D CUBE sequence was acquired for meniscal segmentation ( Table 2 ). The SPGR, T1r, T2, and CUBE images were sequentially acquired for the loaded and unloaded conditions. The T1r and T2 data presented in this study are from the unloaded condition. The 3D SPGR images were manually segmented to create 3D models of the articular cartilage and subchondral bone surfaces. Cartilage thickness was calculated as the shortest distance from each point on the subchondral bone surface to the articular cartilage surface (Fig. 2B) . Cartilage deformation under the axially applied load was calculated as the percentage change in thickness at each point on the subchondral bone surface, using a previously published method. 15 The region of contact was calculated by a cartilage surface overlapping algorithm. 16 Articular cartilage of the medial and lateral tibial plateaus was manually segmented to define regions of interest (ROIs) using custom-developed MATLAB software (MathWorks, Natick, MA) for T1r and T2 calculations. ROIs of articular cartilage were evaluated by consensus of two biomedical engineers with 6-13 years of experience with qMRI analysis. Tibial cartilage regions were automatically partitioned into two laminae of equal depth: a deep layer and a superficial layer. 17, 18 The T1r and T2 values within the ROIs were calculated on a pixel-by-pixel basis by fitting a mono-exponential decay equation: S(TSL) / exp(-TSL/T1r) and S(TE) / exp(-TE/T2), respectively. Average T1r and T2 values within the superficial and deep layers were calculated and 3D T1r and T2 maps were created. 19 The tibial plateau was partitioned into two zones from the CUBE scan to assess spatial variation in cartilage thickness, T1r and T2 relaxation times: (i) cartilage-cartilage contact (CC) zone-area not covered by meniscal allograft, and (ii) cartilage-meniscus contact (CM) zone-area underneath the meniscal allograft (Fig. 2C) . The average cartilage thickness, T1r and T2 relaxation times in each zone were calculated for each subject on pre-and post-operative scans.
Intra-Operative Measures of Contact Mechanics and Analysis
A thin electronic pressure sensor (Model: I-Scan 4011, Tekscan, Inc.) was equilibrated (15 and 30 psi) using an air filled bladder and calibrated (0, 500, and 2,400 N) using an MTS machine following previously published techniques. 20 Three 0.9 mm holes were created on a posterior tab for suture placement. The sensor was double pouched using Vis-U-All High Temperature and ETO sterilization tubing (STERIS Corporation, Mentor, OH) and sterilized using ethylene oxide (ETO). A custom designed surgical boot was used to manually apply an axial force to the foot during surgery (Fig. 3B) . The boot was equipped initially with a six degree of freedom load cell (Model: 45E15A4, JR3 Inc., Woodland, CA), but once it was clear that minimal off-axis loads were being applied, a uniaxial load cell (Model: 31/ 1432-04, Honeywell, Inc.) was used to reduce the bulk of the device and to monitor the applied force in real-time. The surgical boot was covered with a sterile C-arm drape during intraoperative use.
Surgery was carried out using epidural anesthesia. After arthroscopic debridement and preparation of the capsular rim for meniscus attachment, the sensor was passed through a small arthrotomy from anterior to posterior by pulling the posterior tab via a passing suture placed through a posterolateral or posteromedial incision (Fig. 3A) . The sensor position was adjusted arthroscopically to cover the weightbearing region of the tibial plateau of the affected compartment. To position the sensor consistently across patients, the sensor edge was aligned with the anterior edge of the tibial plateau. The sensor was secured in place with sutures. An axial load was manually applied with the knee in full extension, with the thigh and lower leg stabilized (Fig. 3B ). The applied load and contact stress on the tibial plateau were synchronously recorded ( Fig. 3C and D) . The data from three trials were collected; the load was ramped from 0 to 50% body weight and held for approximately 3 s. The sensor was removed immediately after data collection. The meniscal allograft was then inserted into the joint and reduced to the proper position with bone plug fixation at both horn attachments. 20 After graft placement, the sensor was re-inserted, secured underneath the meniscus graft, and data collection was repeated. The sensor was re-calibrated after intraoperative use to identify any potential sensitivity drift due to sterilization.
The magnitudes of peak contact stress and contact area on the tibial plateau were calculated for the meniscectomy condition and after meniscal transplantation. To evaluate the relationship between the direct measurement of contact stress and the indirect measurement of MRI-based cartilage deformation, the 3D cartilage surface mesh generated from the MRI scanning was projected onto the X-Y (transverse) plane and re-sampled to the same dimensions (1.9 mm Â 1.9 mm) as the sensing element of the Tekscan sensor. After re-sampling, the similarity between these two maps was quantified using a normalized 2-D normalized cross correlation (NCC) algorithm, a method widely used for pattern recognition in computer vision and previously applied to the study of knee joint contact mechanics. 21 The NCC value ranges between 0 and 1, with 0 indicating no correlation between the measures and 1 indicating identical patterns. 21 
RESULTS

Clinical Applicability of the Platform of Tests
The protocols developed were well tolerated by patients. The MR-related modules (steps 1 and 3, Fig. 1 ) resulted in increased scanning time of approximately 45 min to 1 h. One patient experienced discomfort during pre-operative scanning that was unrelated to the loading device, and was excluded from the study. The intra-operative measurement protocol (step 2, Fig. 1 ) added approximately 20-25 min to the total procedure time. Implementation of the protocol in the operating room required the presence of an engineer in the operating room, outside of the sterile field, to operate the data acquisition system for the load cell and the electronic sensor. The combined efforts of the lead surgeon and a physician assistant were required to allow for sufficient stabilization of the limb to enable the application of force to the patient's foot. 
Intra-Operative Contact Mechanics
Variability in the contact stress map on the tibial plateau between subjects was observed (Fig. 4) . For the meniscectomy condition, the tibial plateau had peak contact stresses of 1.96 AE 0.4 MPa and contact areas of 160 AE 44 mm 2 (Table 3) . Following meniscal transplantation, two subjects (subjects 2 and 5, Fig. 4 ) demonstrated contact underneath the meniscal allograft. The contact area was increased by 31% on average while the peak contact stress decreased by 19% on average compared to the meniscectomy condition (Table 3) . However, for one subject (subject 3, Table 3 ), an increase of peak contact stress was found after meniscal transplantation coupled with a posterior shift of the contact location (Fig. 4) .
MRI Cartilage Thickness, Cartilage Deformation, and T1r, T2 Relaxation Times Follow-up MRI scans were obtained at 6 months for subjects 1, 2, and 3, at 5 months from subject 4, and at 3 months from subject 5. The analysis was focused on the tibial cartilage of the affected compartment since two subjects had a concomitant cartilage repair procedure (osteochondral allograft transplantation) on the femoral condyle (subjects 2 and 3). There were minimal differences in average cartilage thickness between preoperative and follow-up scans within both CC and CM zones (Table 3 , Figs. 5C and 6C ). The MR-based cartilage deformation map exhibited a similar pattern as the contact stress map within each subject, with an average normalized cross correlation value of 0.72 (range: 0.56-0.85) (Fig. 4) ). At follow-up scans, the average T1r values in the CC contact zone were shorter than the preoperative values (superficial layer: À3%, deep layer: À3%, Tables 4 and  5) , with greater changes in the CM contact zone (superficial layer: À5.0%, deep layer 3%). We observed prolongation of T2 within the CC zone of the deep layer (7%), and within the deep and superficial zone of the CM zone (3%) (Fig. 5 ). T1r and T2 relaxation times were prolonged in the superficial layer as compared to the deep layer in all subjects.
DISCUSSION
We successfully developed and applied a platform of imaging and direct measurement of articular cartilage contact area and stress to allow study of the relationship between the change in joint contact mechanics at the time of surgery and subsequent biological changes to articular cartilage in patients undergoing meniscal allograft transplantation. Our pilot study demonstrated significant variability across patients in terms of contact area and peak contact stress. Nonetheless, increased contact area and decreased peak contact stress on the tibial plateau following meniscal transplantation was found in general, with the exception of one patient. Followup MR scans demonstrated subtle decreases in T1r values within the CC zone of the superficial and deep (À3% to À5%) cartilage layers, suggesting an increase in proteoglycan content or decrease in water content within the zone. 22 There was a concomitant prolongation of T2 relaxation time on the follow-up scans compared to the preoperative scans, especially within the CC region of the deep zone (7% in average) suggesting disorganization of the collagen network or increase of water content. The thickness of tibial cartilage was unchanged within both CC and CM zones. We envisage that with longer clinical follow-up, our platform can be utilized to better understand the patient-specific mechanical factors that are related to increased risk of OA after meniscal transplantation surgery.
The menisci function to distribute loads across the articular surfaces. When the meniscus is injured, or a section of the load-bearing meniscal structure is removed in a partial meniscectomy procedure, changes occur in the distribution of force across the Figure 4 . Results of cartilage compressive strain and contact stress under an axial force of 50% body weight shown on patient-specific 3D knee geometry: the MRI-based measure of cartilage deformation (first column), the intraoperative measure of contact stress at meniscectomy condition (second column), and the contact stress after meniscal transplantation (third column). Pattern similarity between the cartilage deformation map and contact stress map was evaluated using normalized cross correlation algorithm. The white outlined area indicates the location of the pressure sensor.
JOINT CONTACT MECHANICS AND ARTICULAR CARTILAGE articular cartilage of the tibio-femoral joint.
11,23 After meniscectomy, less force is distributed through meniscal-cartilage contact, with resultant increased force acting through cartilage-cartilage contact. The distribution of load across the knee joint is affected by the geometry of the joint, 24 the properties of the articular cartilage and meniscal tissues, 25 and joint kinematics. 26 However, the interplay of these factors in the partially meniscectomized joint is unclear. Partial meniscectomy also compromises joint stability, which manifests as increased external tibial rotation, increased flexion angle at heel strike, 27 higher peak knee adduction moment and peak knee flexion moment, 28 further altering contact forces. As evidenced in cadaveric and computational models, the extent of the alteration in mechanics after meniscal surgery can be affected by factors such as the location and volume of the removed tissue, knee joint geometry and alignment, and joint kinematics for any given activity. However, a clear relationship between all of these variables and resulting changes in joint mechanics has not been established, in part because of the difficulty of directly quantifying the mechano-biological consequences of meniscal surgery in a clinical population.
In an attempt to understand the factors that result in increased likelihood of the development of OA after meniscal surgery, a number of clinical studies have emerged in which pain scores, patient reported outcomes, return to sports, etc., are quantified. Based on such studies, there is general consensus that partial meniscectomy is not effective in delaying the progression of OA in older patients (>40 years), in patients with high BMI, axial malalignment, evidence of preexisting articular cartilage lesions, or those with symptomatic meniscal tears. [29] [30] [31] [32] Englund and Lohmander 30 also reported that long-term clinical outcome after isolated meniscus resection was worse for women, for obese subjects, and for those with a lateral meniscus resection. However, for young, active healthy individuals with acute meniscal damage, it is more likely that long-term outcome is affected more by an individual's joint mechanics and the volume, location and compartment from which the meniscal tissue is removed.
Very few prior studies have directly measured knee joint contact mechanics in patients. Intraoperative measurement is technically challenging and introduces extra labor into an already arduous surgical procedure.
In previous studies, 33, 34 indirect approaches to estimate in vivo contact mechanics have been attempted by combining bone position (motion capture) with 3D cartilage modeling (MRI imaging) to calculate in vivo cartilage deformation patterns. In our approach, we developed a method to use the Tekscan electronic sensor intra-operatively to enable direct measurement of contact mechanics in the meniscectomized and graft implanted condition. This approach required development of a method to sterilize the sensor without affecting its function, as well as the surgical technique to reproducibly insert and stabilize the sensor in the tibio-femoral compartment. We also designed and fabricated a boot that is applied to the foot to allow for the application and recording of axially-directed force on the knee. Loads were consistently applied to reach 50% of body weight, and as such mimicked that applied in the MR scans, while Tekscan data was repeatable to within 10% of the maximum contact stress value recorded.
We found decreased peak contact stress and increased contact area on the tibial plateau of the affected compartment following meniscal transplantation in the majority of subjects, but substantial variability was noted between subjects. A central tenet of our approach is that variability in joint contact mechanics will, in part, explain variability in outcome after meniscal surgery. As such, the variability in subject-specific contact stress maps as quantified in this study may bear a relationship with the variable long-term outcomes of meniscal transplantation, vis-a-vis changes in cartilage health as a function of time after surgery (Fig. 7) . Cadaveric studies aimed at Thickness values expressed as the mean value within each zone. Peak stress data are reported as the mean and standard deviation during the period of time when the force applied through the boot was being held steady at its peak value.
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quantifying the mechanical consequences of meniscal injury, repair, or resection, most often report contact stresses and contact area. However, the relationship between those reported metrics and the biological response of the articular cartilage is unknown. Our unique methodology allows for joint contact mechanics and the biological response of the tissue to be measured in the same knee, and thus the relationship between contact mechanics and biological response of cartilage can be explored. Based on our preliminary data, some relationships between altered contact mechanics and articular cartilage biochemistry have started to emerge (Fig. 7) . Specifically, a greater reduction in peak contact stress after graft placement corresponds to decreased T1r relaxation times (Fig. 7A) , and decreased T2 relaxation times both results of which suggest less cartilage degeneration. Decreased T1r relaxation times may indicate increased cartilage proteoglycan content 22, 35 due to mechanical stimulation of chondrocyte proteoglycan synthesis. 36 Increased T2 relaxation times were most notable within the deep CC zone of tibial cartilage-the primary weight-bearing region with the highest contact stress (compared to the peripheral regions) during daily activities according to previously published regional loading pattern data. 12, 21 This finding suggests that cartilage that is conditioned to high loading during daily activities may experience greater compositional changes in response to the alteration in contact mechanics following meniscal transplantation, such as decreased contact stress. Similar results were also reported by Souza et al., 34 in JOINT CONTACT MECHANICS AND ARTICULAR CARTILAGE which the greatest increases in T2 relaxation times were found in the central region of tibial cartilage following 6-8 weeks of nonweight bearing. In this same study, the elevated T2 times remained after patients returned to weight-bearing activities, suggesting that when changes occur in collagen composition, as assessed by T2 mapping, such changes are less likely to be fully recovered. One subject (subject 3, Table 3 , Fig. 6 ), who showed an increase in peak contact stress after meniscal transplantation, had increased T1r relaxation times within the CM zone (11% and 13% in the superficial layer and deep layer, respectively) (Fig. 6A ). This patient also had a posterior shift in the contact location, from a concave area (negative curvature) to a more convex area, which may account for these results. The prolongation in T1r relaxation time within the CM zone in this patient, contrary to the pattern seen in the most of the other patients, is consistent with the increase in peak contact stress. The elevated T1r in this subject may also be related to the prolonged nonweight bearing phase because of concomitant osteotomy (lateral distal femoral opening wedge to correct valgus deformity). A similar finding was reported in a previous study of 10 patients who required 6-8 weeks of nonweight bearing because of injuries affecting the distal lower limb, 37 where the authors found increases of 5-10% in T1r relaxation times of knee joint cartilage after nonweight bearing. Although our findings of prolonged T2 values are similar to qMRI changes associated with early OA, 38 whether the changes will lead to progressive cartilage degeneration in these subjects is unknown at this time. Our interpretation of the T1r and T2 data is complicated by the varying amounts of pre-existing cartilage degeneration present in the patient population included in the study, and as such it is difficult to directly attribute the changes that were observed to changes in contact mechanics alone. The compositional changes in cartilage as indicated by qMRI may also in part be due to altered weight bearing in the early postoperative period. The presence of inflammatory mediators in the joint following surgery can also affect cartilage composition due to the presence of matrix metalloproteinases (MMPs). Follow-up MRI scans at later time points will be required to further our understanding of the structural and compositional changes that occur in articular cartilage following meniscus transplantation.
The absence of contact underneath the meniscal allograft (subject 1, 3, and 4) does not necessarily indicate an insufficient load carrying function of the implanted meniscal allograft, because the static axial loading during our intra-operative test does not fully JOINT CONTACT MECHANICS AND ARTICULAR CARTILAGE capture the dynamic multi-directional joint loading during daily activities. According to previous cadaveric studies of simulated walking, the load-carrying function of the meniscus was most pronounced at early stance phase of walking, when the knee has a flexion angle of approximate 15˚. 13 However, due to the technical challenges of maintaining a consistent knee flexion angle with load application during MRI acquisition 15 and challenges to reproduce the joint position in the operating room, the knee was scanned in full extension. We recognize this as a major limitation of the study. The relationship between the first peak adduction moment during walking and the severity and rate of progression of OA has been established, 39 thus analysis of dynamic gait joint contact mechanics 40 may be more relevant to study the factors related to the progression of OA. Nevertheless, the finding of decreased peak contact stress coupled with increased contact area in four of the five patients provides biomechanical evidence of a positive effect of this surgical procedure on patients with meniscal deficiency. In addition, it is important to note that substantial variability was observed across subjects, and no level of contact stress can be identified at this time as a threshold for causing irreversible damage to the cartilage.
In summary, we have presented a preliminary report of a platform of new techniques to study the effect of knee joint contact mechanics on knee joint cartilage health. On the basis of a small, pilot, patient population, we found that the protocol was feasible to implement in a clinical environment, and enabled a comparison of within knee joint contact mechanics data as directly measured at the time of surgery to changes in biomarkers of cartilage health. We observed substantial changes in knee joint contact stress following meniscal allograft transplantation, but large subject-to-subject variability existed. The majority of our patients exhibited decreased peak contact stress and increased contact area, suggesting that meniscal transplantation plays an important role in redistributing the joint loading. Follow-up scans made at 3-6 months showed decreased T1r values in tibial articular cartilage, specifically in the region beneath the meniscal allograft. A concomitant prolongation of T2 values was found primarily within the central region of the tibial plateau. Minimal differences were found in cartilage thickness over the short time frame of this preliminary study. Longer follow-up data are required to determine the function of meniscal transplantation on prevention/progression of knee osteoarthritis.
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